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Ifttroduction 

the dimensional stabllUy of*MndlSte^Mteri!iift^ generate data on 

aodela mas developed Jointly by the authar*«#*iK«f***^ «tyogenlc wind tunnel 
Research Center (LaRC) irSn^rv loS 5 k 

18N1 200 Grade staple cwriJHu? L *««« «>“ « 

Wvlsory Service of the Onlverslty^f Bearings 

briefly at the Cryogenic Models Morkshfn teported 

(Rafa). A more datalUd^^JlpJf^!*'^ «»y 5t“-6th. 1982 

contained in a subseouent hieh nufnha» results and their analysis Is 

1882 (Ref .2). «“t,er contractor report submitted In August 

being used for model fabrication at 1^*0^ already 

instructions were issued for a total^ Uvtnteen s^e^oV/®^ 
fabricated and validated either bv LaRc ^ ? stepped specimens to be 
subcontractors. Specimen^ St 

perpendicular to the Major roUlS SiJStfS'’*' ®«^ 

the fabrication seouence was tiS5i.-S “ attempt to see Whether 

before rough machining, while JtW«^i’ samples were heat-treated • 

cycle, eo ucabltslt cbcir dlMuctonct .cblll^ l** twipccur. 

Cbvlrcnmct of . mI.I 1„ . ccyogclc SS wScJ? *»>•« be the wocUo, 

Cd tbo. toU», fS S;L“ ta “•' « -dlelUt. 

..Udctlo. .ugt to the Sit. SlilSjf «*««»« Mricc. fro. o« 
Southampton, using the samrtd.f.K-?^^^ ^ Information obtained at 
18N1 200 Grade sample (Reri) “tlllaed in the original 

bet™,., tb. too «t. of *" b*'’® • cro..-cb«k 

poMlbU cl MlebllihSiiySlcSfllMt tIoId**f '°k“* “betbet or not It 1. 
different materials the^ind.f?« - trends in the behaviour of the 

of the fabrlcItiJn ;taJlsJ sequence 

lastlgated^tA*order**to"ensure"grn ®“ whets Improvements may be 
validation stages and tSl 5!aSriJ5e ? wer the fabrication and 
the stepped specimen program. Meaningful data to te obtained from 


does not*coLa™trJfficlal“OTLrL^^ menufacturers in this report 

either expressed or Implied, by the National ptoducts or manufacturers. 
Administration. ^ National Aeronautics and Space 
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2.1 Fabrication 

cryocycU stages. For e^mnlf «« m J J ’ heat-treataent and 

s “t‘- s"' ‘‘ 

ssuT;tSiprs.*i}.;“ 

uchlnlog Mquenc.8. Pi^ly* 

data. ' nevertheless some conclusions may still be drawn from the 

fiS j*" -T.j" •“«'■ “‘‘x ■p^« <Js 

Si£?F““ 

chanaes In th« n#.««if !* \u ‘^'*® standard necessary to enable 

bam on thrthta«,ri?rSf ‘" tl»« •«. rtnlbU 

to a untfor. thickness. ** cases the steps are not ground 

2*2 Validation 

f.briclJ:d“t^i„«jf:,':r(tojr’;) usi'JS jSs"":" ’r^"” 

system at LaRC and a contactUss canaclLiL contacting stylus 

MfirMjrsirffcrjSrgJrwJaJSefif^ IttlT^V f ‘ 
(b,_t|»^^pp,rt .y.t..‘„..d. torriiid‘'“sn:;.r;.‘:..irt2.ns;:.^^ «- 

siis:HlFiiE."rnE^ 

fhi^jo'tWr - - 

d..ntib. th. ptogt... ,? 

snd -.i’jA? S SuV'^tlJSsTlJ J1rfs'S.“"i.?,” “ ‘“* *« *« 

echlevad by the three 1/4 ln*Hnwd,i»* sFCclmen location is 

con.ist.nt «.d sccutst. 't:j:sji:“:,*s"£“;i.i;; ^usti“t:i«. 
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before further work^li carried out,**^ "®*‘* rethinking 

of Forpiat for Preaen ^tion of L»Rn 

their iubSwJa^oM^JrodllLrafi^rMi^r ^ 

deflections at 24 pre-detenalned locatlona^<n*^K specimen which gave the 
eye la able to infer more about the ahln"* reference plane* Ae the 

surface appears three-dimensional It^M * surface if that 

data in the form of pseudo-lsometrl^^eurfaSi^**®^ ? to present the 

presentation figures will show thit ®e£««nce to any of the data 

with Ita Steps facing downSrts aL LT ^ Indicated 

drawn on the referenle sSce!’ S Sin!. *«««“ 1« 

its front edge. Near Its back edae specimen are shown on 

«rld points, reading from Uft S*rlaS J“l«®^«lons of the rectangular 
mMSurement stations ArH. ^Jna the^^At^^f? positions of the 

the grid Intersections give the^loeaff^r^*^**^^"®* ***1" l*lt to right, 

station. Ar-X. the deflection meaJured hv*?hf «“*» nsasuring 

plotted as far above or below th^ appropriate validation stage 2 

AS the deflections are pStt^d «<l“lred by the scale of «*ef! 

or solid, to give an indication of the nr^li«*f**^* joined by lings, broken 
to the thin "trailing edaa" of the o#-f ibe thick "leading edge" 

are drawn, using JS^delSctJon 5? Pt®m« 

Plnally. the three end polSts L?Je«Sd?n ?’ *^«dP«ctlvely. 

Joined together to give an Impression of the ° *^*H®®a P and X are 
edge" of the specimen. ^ esslon of the curvature of the thin "trailing 

to create an l®pres8lM'^Jf^thJ^three3lAeSLMl'^*h‘*^ obtained were used 

A286 had 7 and 6 stages ^ 

are shown together on one sheet so each separate sample, all stages 

through the various stages of Lbricitloi 5f f®Uow the progreS 
stages are shown on the*same dlaoram different 

symbol, while in some cases 1 or*^ » differentiated by line type and 

or convenience, m all instants the^aL*” ***" diagram for cUrlty 
each diagram. ’ stages are labelled at the side of 

Hake the task of handling the large'ttumb«*orda‘**^ clarity, and also to 
computer programs were written to*oi^ ^ Points manageable. 

-e. p.i«. 

the reference wrfSrcS^Jei'^dJJlij tirf^rlMtl*^ 
however, necessary to exercise soaJ*Jr! ‘f®" sequence, it is, 

quantitative information about the deflec^o«»^*^^ii‘**K*^? *»re 

particular, it should be no?id thit thi their changes, m 

verification fixture Is located «« A Jl!f awpport point of the 

thick flat* and that when the Mmjles aw MJalldi?^®?!?^**^ 

is used to recreate the horizontal plane tf*ih^ P®^"t that 

C-*. „ u ^ r.e.„.e. 




Reference 2 # e to be obtained usln^ the method given in 

*• a,* '* th. ■>.» 

prsfuii'SiJi,^ "•'*• ‘•’■'‘“txl «>d tl» «tfM. 

:iss:/x’rf.s s; S“cV ’• 

— “linTSS «w^ru JhLS“S‘S.“ Si'S?. - 

(.ui SuT St'S!* 

j.ri« « p,i.£.^'j.'s.-^pL“.“” -s.r.ifiT;,.s.“.si.i«n 

liliPii^^-^ 

un *,nSSi-t riir ,5‘tr. f^^'r^ifi^Hr n 

the e eyttbols^end^-^. - .^Se^tvoi^AlS®?? ‘w ^*‘*‘ quedrant by 

s:ss;-si- ?»■ 

ir!^S£iSi=i”£;«^ 
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*5 5**® speclnert was then cryocyeled to liquid 

reiui?«” J ^**5*® before being revalidated in #18, the ^ 

labelled fc»vft^rS\® *5® ^ eymbole and dotted lines, 

CoBparlsjn between the two surfaces shown In the 

^ appears to show a snail amount of novenent caused 

i? *^*‘® *"®‘‘ linear profile. Previous results 

at Southampton (Ref. 2) had suggested that 18N1 200 Grade did not distort 

*^!®* need to be treated with caution. In 

machining and validation on this sample, as, can 
CLC^ia^shn^ totisfacto^. tte behaviour of the other control Specimen, 

^ deflections caused by the .060 In milling 
^ ®®* somewhat larger than In CL8, and In 

from Sft*^to^rt«h5^2**^ ®J »1®P« ^low the horlsontal 

because of the location of the 3rd support point, as 

furf '****** ssctlons 3 and 7.3. Comparison of the pre- and post-cryocycUd 

surfaces appears again to show some small movement during vryocycllng. 

ell 5®“" bC, TS and TC shown in Figures 6 to 9 

®*^®*® «"“««1^®8 treatment recommended by Vasco Pacific at 
1850F ^d 1550F prior to rough machining, and It would appLr from 

warSof‘‘S«I^J‘* 4 ^?* control specimens that this heat treatment 

ii.®® specimens show much greater 

, bhe tmannealed controls. However, there nay also be other 

proven! ***^ ** considered before this Initial suppMltlon can be 

1 5? ^ specimens, the surface produced by rough machining is 

but after milling the .236 In (6 mm) and .118 In (3 mm) 
steps, the two surface specimens show noticeably greater positive 

Thfii’^li**"!!* stresses, than do the center specimens. 

little subsequent change In profile of the LS and tS 
samples ^en they are aged at 925F, whereas both of the center specimens 
seem to develop positive deflections as a result of the 925P aging 

®^®®^^^®*“ce of these observations Is, however, brought Into 

4 MeiSJlJ*" i**® generated from the #10 data are examined for all 

4 spec^ens. R-<'«srence to the machining schedule for 18N1 200 Grade In 
Appendix 1(a) w. show that #9 reads as follows: 

surface (bottom) to thickness uelng a 
maximum of *0005 In down-feed per cut. Surface finish to be 32 
m cro-lnches. This surface will be used as a reference Standard.'* 

It is clear from the #10 surfaces shown In Figures 4.3 
to 4.6 that they are definitely NOT of reference 
standard FLATNESS. The worst example can be found In 
the ranter profile of specimen TC, In which the recorded 
“**ldctlon la *0020 in above the horizontal for 
measurement station P, and when this Is corrected for 
the downward slope of the whole surface, the true 
,ff®®J^®" fact, nearer *0050 In. Contrast this 

with the reference surfaces produced on samples CL8 and 
CLC in Which no point lay more than .0002 In away from 
the horlsontal and It Is obvious that the 4 annealed 
samples behaved differently. Certainly they did not 
have a reference surface that was lapped flat. 

i 4 h«n flatness of the reference surfaces should be borne In mind 

when the results of subsequent machining and validation stages are 
considered. Despite the effect of the poor reference flat, the significance 
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ti«e« thoie shown by either the generally about 2-3 

the Sotor. 1 The ” .nd c£c or 

to be In error aa qiay be •een from SSieT*'"®"" «l«o seeae 

Table 1: Recorded Deflection for 18N1 200 rrarfo c < 

oMi zoo Grade Specimens at <112 Validation 


Station 


A 

I 

Q 


LS 


.0004 

.0018 

.0016 


Deflection for Specimen 
LC 


.0006 

.0006 

.0005 


(Inches) 

TS 


.0002 

.0006 

.0012 


.0015 

.0015 

.0016 


up epeclaen! ^^If^thls^^basS^Ue** 1**** 

value Of subsequent -asureaen?s“‘L*Xw^^^^^^^ 

iini**® ‘^^^‘‘“a^^'apresslTO caused some 

billing steps* but in no case were ?* f Induced by the previous 

4<uilr.iic tor Che tu »18*TOuSeiio**c"”"” *“ **“ eight hud 

reasonable consistency between the def? shows that there Is a 

ctyocycllttg for the sLtionri toe -easured before anj iter 

Profile of the surfai “Pectmens that define 

confidence In the validity of ti defWf P®«®^l>le to have some 

thin sections, m all foir Lectmf^f -«®ured at the more ZtllT 

agreement between these two profiles In fact a very close 

If any, movement during cryocycllng. that there was very Uttle, 

thi **“'^"* ctyocycllng to llquld*^nli^L?r * gteater degree of 

ijo.'jrh.*” 

cryJJJJliJgf® that 18N1 200 Grade hw a“*’go*i^7taWatV^uV^^^^^^ ‘‘ 

aat ... « ch. ^.rtu. .roce. de rlrU f ro, eh. „ .... - 


vuc uaca oa PH13-aMft 

thi. pi».Tors;.'x“‘“^ij";':2'^^ i.«.tiut«i u 

ahown In Appendix 1(b). There were onlv*"*"* validation schedule was ai 

. Chin... ood huc-crucuhc ochedoU. 

or A-1.8, ArLC, ApTS and A-TC, It was 

i) rough machine* ll) heat trit. Hi) finish k* 

•at* 111 ) finish machine* iv) cryocycle 
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for A-CL8, A-CLC and A-LSA, it was 

1) heat treat, il) rough machine, ill) finish machine, Iv) cryocycle* 

For sample A-LSA an additional cryocycle was In fact specified between 
rough oachlnlng and finish machining^ hut In the event It was omitted* 

Thus, in effect, A^LSA received the same treatment as sample A-CLS, so 
that comparison between their two sets of results shown in Figures 10 and 11 
respectively could give some idea of how consistent are the results from two 
supposedly similar specimens. As before, the first two profiles are shown 
In the top left quadrant. Set-up of the line AIQ Is such that the measured 
deflection at Q Is -.0013 in and thus below the horizontal while the back 
position A Is .0002 In above It. In contrast the back right point H Is 
.0012 In above the horizontal while the front right position X shows a 
deflection of -.0005 In. 

Thus the whole specimen is set up on the tilt, and this tilt Is 
evident In all of the subsequent surface profiles. Although It Is not clear 
from the sketch of the mounting fixture that was shown In Figure 3, It would 
appear that It Is not possible to alter the height of the two 5/81n balls 
relative to each other In order to align the top of the specimen to be 
accurately horizontal along the line AIQ. An alternative explanation for 
the observed misalignment might be that the top and bottom faces of the 
specimen were not parallel. Even allowing for a possible tilt In the 
specimen alignment. It Is still not possible to account for the apparent 
shnpe of the reference surface created from the readings of validation stage 


The surfaces shown in the top right hand quadrant show that milling 
the .060 in step created compressive stresses and hence the positive 
deflections exhibited by #14, while subsequent grinding cancelled out these 
compressive stresses and replaced them with residual tensile stresses and 
thus the negative deflections found for the #16 validation stage. 

Furthermore, the magnitude of the change from compressive to tensile 
stresses is considerably larger than anything seen hitherto In 18N1 200 Grade. 

Finally, the picture is completed by the two profile^ shown in the 
bottom right hand quadrant. The first six measurements taken at the thicker 
end of each linear profile are virtually co-incident for the #18 and #20 
surfaces representing the pre- and post-cryocycling situations respectively. 
Thus the differences shovm by the thinner sections can be believed as a 
genuine^ ahd unfortunate, indication of the material's lack of stability on 
cryocycling into liquid nlttogen* 

The picture presented by the similar sample A-CLS Is no better. The 
#6 and #8 surfaces are tilted and the reference surface In #10 Is not flat, 
having a pronounced upward deflection of both thin corners with respect to 
the center! The large compressive stresses Induced by milling the .060 In 
step, #14, are partially low.red by subsequent grinding, #16, but In this 
case the tensile stresses Induced are not largr I'.nough to offset them 
completely and there is a net residual compressive stress. 

Finally, although the measurements taken on the thicker sections 
before and after cryocycling do not coincide. It can be seen that the 
post-cryocycle surface simply slopes down more sharply than before. Thus, 
the shift towards positive deflections shown by the thinner sections of the 
specimen are an underestimate of their true magnitude, thus confirming the 
Instability of PH13— 8Ho to cryocycling. 
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The third upeclmea heat-treated prior to rough machining was i^CLC and 
its results are given in Figure 12* This specimen appears slightly better 
behaved than the previous two In that it is not quite so tilted, nor is the 
reference surface so out-of-flat# The compressive stresses induced by 
milling the #060 in step are almost counterbalanced by the tensile stresses 
created during grinding to leave not compressive stresses except at the 
extreme tip# 

The cryocycle results once again confirm that the material is not 
dimensionally stable# Figures 13 to 15 are for the four specimens that were 
rough machined prior to heat-treatment and generally their behaviour seems 
Indistinguishable from those discussed earlier# All have tilting problems 
to a greater or lesser extent and the reference surfaces are not flat# The 
compressive stresses induced by milling are more or less compensated by 
subsequent grinding-induced tensile stresses# Most significant is the 
observation that in every case the deflections of the thinnest sections are 
more positive after cryocycling than before, thus fully confirming the 
dimensional instability of the material when cryocycled# 

Taking an overview of all seven specimens, it would appear that the 
variation in order of the heat-treatment had little or no effect; there are 
indications that the deflections produced in samples cut from the surface 
may be slightly greater than those from the center but the trend is not 
conclusive# Neither is It possible to distinguish longitudinal and 
transverse effects# 

6. Comments on the Surface Profiles derived from the Data on A286 

A total of 4 samples of the precipitation hardened stainless steel, 
A286, were in this phase of the project and the surface profiles generated 
from the LaRC data are presented in Figures 17 to 20# The fabrication 
schedule is detailed in Appendix 1(c), from which it can be seen that for 
these specimens the reference surface was ground onto the rectangular slab 
to bring it down to size 2#362 x 2#362 x #472 in thick, rather than after 
machining the *236 in and .118 in steps as in the 18Ni 200 Grade and PH13-8Mo 
specimens# The reference surfaces are shown in the top left hand quadrant, 
identified by • symbols and —••—•# lines# Generally these surfaces are 
of a reasonably good quality and they are set up quite well with just a 
slight tendency to tilt up a bit at the bark right hand corner and down at 
the left# 

The very striking effect shown in this quadrant is undoubtedly the 
very large deflections created in all four specimens by the process of 
milling the #236 in and #118 in steps, the true deflections being even 
larger than those indicated because of the left to right downward slope of 
the reference plane itself# As noted in other parts of this report it is 
not possible to calculate the magnitude of these compressive stresses 
because there are not enough data points to establish the circular arc# 

rough calculations Indicate, however, that these surface stresses could 
be of the order of 10 Ksi# 

Even larger deflections were created In all specimens by milling the 
•060 in step although they do not necessarily Infer higher compressive 
stresses because the beam thickness has now been reduced# As noted above, 
the A286 specimens were cryocycled at this stage and the surfaces before and 
after the cryocycles are shown in the bottom left hand quadrant# The 
pre-cryocycle conditon is shown by the O symbols and - # - . lines and 
labelled #8A (>#060 mill), while the post-cryocycle condition has + symbols, 
dotted lines and is labelled #8C Ocryocycle)# There is a very good 
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agreenent between the two eurfacAo in . 1 . 
excellent cryogenic etebUlty of A286 

quadrant to *llow^eagy^comparlson*with*th**^’*^^?^ upper right hand 

grinding stage #10, * aJZJa ^^^h^ the surface, produced by ff. ISJ? 

in grind of the end section, shown by * sviho? *"** ^oiiewing .030 

comparison between the surfaces created bv The 

grinding the .030 in step, offers the the .060 in step end 

‘*i»en^ional changes indications of 

nnd TC, where large positive deflectlZ J" ‘^® ^’'® “nter specimens LC 
overcome In the thinnest step by ZauJ Srve we 

stresses. ^ equany large grlndlng-lnduced tensile 

somewhat smaller than In^Z^center* two surface specimens by milling are 
thoSI^i^^ S! need fuJZJ '^®®® 

o^»t t. 1 . „ taport.« aspect of thc'ZJJZrjtZf.* iltiL"?'* 

7. . materiax. 


A2“86S''®"fp^?1 the «pp. 

A286LS, and PH13-8Mo, together with th-^ ^ .u ®® samples, 18NI 200LC. 

Rattle Taylor Sobaoa. The locatioo ana f f 'elat, a Talyaurf nde by 

•}J “-Pi.. 1. a. j;“wa°2«.T“;" — “r^ » 

idth of the apaclMa ac its chlckeac nolnt^I«a^f**^*i.* *“ Mkaa acroas eha 
the surface finish and the flatness *^***‘® indicative of both 

®?»«“iielly unchanged througho^ In iS2®f J 

?-?eo?‘tZ.TZZS 
.‘tr'ZoaZZ-rSZ pZhZ ZSb 

thinnest sections JZt,*dZto**the*liiit2 J**® ®P®®^®«n from thickest to 
Talysutf of about .001 in at this asn.ifd ^*iiectlon capability of the 

“;ST of ^ItlZiZs'^: ‘f possible to 

with iVth *'®J®>f‘*‘«ie88, comparison of ^thJ iIitSl ^lJ' <»ef lections exceed 

A or C shows whether therl }! ’ of trace B 

in the machining and surface finish on the wferenZ .CJceT"* 

step heljhror!oo0i**ln*(ioo mlZln^hw)*** Thr"* “librstlon for a known 
used for all the tr.ee. iho^n“}r?!g"Z:'21,^J: Tanl'H? 

similar surface SlnllirL^also^Zlblted l^"t ^ ®®^®" * 

experience with a total of eloh^^^« traces C and B. Now that our 

tni'ci '“'‘“t’o. •w"ypi“iS'ta''Z 
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Traces C ana B in Figures 21(d) and 21(e) give an Indication of the 
profile changes produced during fabrication. As, however, they only show 
those portions for which the total deflection varies by less than .001 In. 
they should not be used for considering profile changes. 


Reference to Figure 22 shows the three comparable traces obtained when 
the Vascomax 200 sample LC was measured at Southampton. Traces A and C In 
Figures 22(c) and 22(d) show that no peaks lie further than t00005 lUi 50 
mlcrolnches, away from the mean line, while In Figure 22(e), trace B shows 
an even better surface finish in the longitudinal direction with peaks Ivlng 
within about 20 mlcrolnches from the mean. In relation to the deflections 
produced during fabrication^ and the inconsistencies apparent in the 
vslldstion procedure, this surf see finish is perfectly scceptable. 


The traces obtsined for the A286 specimen LS shown in Figure 23 show a 
poorer surface finish than that produced on the 18N1 200 Grade samples. In 

particular, trace A in Figure 23(c) shows deviations from the mean of 
about+80 microinchee occurring In a regular wave-like pattern. On the other 
hand, trace C In Figure 23(d) is smoother, although It Is superimposed on a 
large transverse bowing of this thin section. Trace B in Figure 23(e) shows 
that deviations in the longitudinal direction are about 20-30 mlcrolnches 
away from the mean line. There appears, therefore to be a strong anisotropy 
in the surface finish on this sample. 


Finally, Figure 24 shows the results obtained for the PH13-8Mo sample 
A-TS. Compared with any of the previous samples, the surface finish has a 
much shorter wavelength with deviations less than +40 mlcrolnches from the 
mean, except for occasional spikes visible in traces B and C which are about 
100-150 mlcrolnches above the mean line. Very similar finishes are shown in 
traces A and C for the transverse directions, while the longitudinal trace B 
shown in Figure 24(e) shows a longer wavelength component in the surface 
finish. 


Nevertheless, with the possible exception of trace A shown in Figure 
23(c) for A286 which is on the upper limits of what might be considered as 
acceptable, the surface flulsh of all the specimens can be considered to be 
satisfactory for use In the stepped specimen program. As long as no 
deviations are in excess of +50 mlcrolnches from the mean line, errors due 
to surface finish will be less than .0001 in, which Is a much lower figure 
than the errors introduced by other sources. 

7.2 Profile 


In order to be able to compare the profiles generated from the data 
obtained In this phase of the stepped specimen project, and that obtained 
from the 18N1 200 Grade sample, Soton 1, the three samples, 18Ni 200 LC, A286LS 
and PH13-8M0 A-TS, were revalidated at Southampton using the contactless 
capacitance probe method described in Reference 2. As the area "seen’' by 
the capacitance probe ie about 9mm^, small surface Irregularities are 
averaged out and thus a good surface finish is not essential. 18Ni 200 Grade 
sample Soton 1 was also revalidated and Figure 25 shows the location and 
orientation of the 6 traces measured. Trace 3 was positioned so as to 
correspond to the line of the measurement stations A-H in the LaRC 
specimens, while trace 2 corresponded to stations I-Q and trace 1 to 
stations P-X. Traces 4, 5 and 6 are perpendicular to traces 1, 2 and 3 and 
trace 4 corresponds approximately to the line Aiq and trace 6 to the line 
HPX, while trace 5 lies between the lines 8JR and CKS. 
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The black ctrclee narked on the tracea ahown In Plgurea 25 to 32 
correapond to the locatlena of the three polnta uaed to level the aanplea 
prior to validation^ Alao marked on each of theae flguraa la the acale of 
the deflection, and on the longitudinal tracoa In Flgurea 25, 27, 29 and 31 
the location of the atepa In the epeclmen la alao Indicated* 

The longitudinal t*'acoa recorded on 18N1 200 Grade aample Soton ., are 
ahown In Figure 25* All three tracea ahow clearly a aharp change at *.ne 

poaltlon of the 3 to 1*5 mm atep from a linear trace at the thick end of the 

anmple to an almoat linear trace at the thinner end* The maximum 
deflectlona of the extreme tips are *0030 In, *0032 in and *0023 In for 
tracea 1, 2 and 3 reapectlvely* Turning now to Figure 26, It can be aee*. 
that there la no variation acroaa the width of the apeclmen along llnea 4 

and 5, but that trace 6 ahowa the edgea to bow down compared with the centre 

by about *0003 in at the left and *0012 in at the right* 

The correapondlng traces for 18M1 200 Grade aample LC are shown in Figures 
27 and 28 for the longitudinal and transverse traces respectively* In 
Figure 27, the profile of the reference surface generated from the LaRc dac» 
la also shown Inset at the top left of Che figure and It can be seen that 
agreement la qualitatively very good. The nature of the longitudinal traces 
on this 18N1 200 Grade cample differs significantly from Chat of Sott p 1 ir 
there is no sharp change of slope between linear segments as Ir f ^ 
rather a gradual upward deflection which starts between the ' ' * , step 

and Che beginning of the 3 Co 1*5 mm change* As note ' ei- lot , cue 
fabrication sequence differed between the Southampton ' i usRC specimens in 
that the LaRC samples have a smooth, curved change In thickness from 3 Co 
1*5 mm rather than a sharp step as in the Southampton specimen* It is 
possible that the smooth curves shown by traces 1, 2 and 3 in Figure 27 are 
in part due Co this gradual change of section. 

The quantitauive aspects of these deflections will be considered in 
more detail in Section 7*3, but it is worth noting at this stage that the 
maximum deflections shown at the thinnest end of Soton 1 are *0030, *0032 
and .0023 inches for ourves 1,2 and 3 respectively, whereas for sample LC 
Che corresponding valu.i are *0088, .0096 and .0086 inches respectively* It 
would appear, therefore, that 18N1 200 Grade sample LC has a residual 
deflection three times larger than that of the Soton 1 sample* 

Figure 28 shows the three transverse traces, 4, 5 and 6, recorded for 
sample LC* Traces 4 and 5 confirm the transverse flatness of this sample in 
Che thicker sections, while trace 6 shows the now familiar transverse 
bowing* The magnitude of this center to edge bowing is about *0012 inches, 
which correlates reasonably well with the differences between curves 2 and 3 
or 2 and 1 in Figure 27* The values shown in Figure 28 are the more 
reliable, however, because they are the results of direct measurements 
rather than by graphical construction* 

Figures 29 and 30 illustrate the traces recorded on the PH13>8Mo 
sample A-TS* The longitudinal traces of Figure 29 resemble the previous set 
of traces for 18Ni 200LC in that they show a gradually increasing upward 
sweep with no abrupt changes which starts betwen the 6 to 3 mm step ind the 
beginning of the 3 to 1*5 mm curved thickness change* As before, the 
reference surface generated from the LaRC data is also shown inset at the 
top left hand corner of the figure and it can be seen that agreement is 
qualitatively good* Figure 30 shows the corresponding transverse records 
and close inspection oi traces 4 and 5 suggests that the edges are 
approximately .0002 In higher than the center in trace 4 and *0003 in higher 
In trace 5* Tiie v.iriui Ions shown by trace 6 are larger and of such a fora 
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that eTte center and both edges are at about the sane levels ««lth a dip of 
about *0008 In to the left and one of .0005 In In depth to the right of 
canter. 


The final set of traces shown In Figures 31 and 32 are for ianple LS 
of A286 stainless steel. The longitudinal traces of Figure 31 are 
strikingly different from those for 18N1 200 Grade and PH13-8Mo In that there 
Is a reversal of the slope of the curves, and thus a change from residual 
conpresslve to tensile stresses. In the 0.75 mm thick end step. 

Furthermore, the curvature of the trace in the region corresponding to the 
end step of thickness 0.75 mm (.030 In) Is a very good i^proxltnaclon to an 
arc of a circle as Indicated by the circular arc superimposed on trace 2 In 
Pigore 31. As noted in Reference 2, the ekin stress in such cased is given 


F ■ E t a/c^ 

where E la the elastic modulus, t the beam thickness, 2c the chord length 
and a the central deflection. 

From Figure 31, using the appropriate scaling factors for the 
horizontal and vertical dimensions, we find that for a chord length, 2c of 
0*^ the central deflection, a. Is .001 In. The modulus of /^86 Is 
29x10'’ psl and the beam thickness .030 In. Hence, on substitution: 

^ " 2*9 X 10^ X 3 X 10^ X 1 X 10^ psl • 2.16x10^ psl - 22 Kil 
Fx 10 ' 2 X 10 ^ 

Thus the residual tensile skin stress left by the final grinding stage 
In the thinnest end step is of the order of 22 Kai. For comparison, Che 
compressive stresses induced In the 18N1 200 Grade sample Soton 1 built up 
from 5 to 9 Rsl over Che four end milling stages. Although a oure thorough 
program of work would be necessary to confirm and uulerstand these stress 
patterns In greater depth, these results are a further indication of the 
potential value of the stepped specimen program. 

Inset in the top left corner of Figure 31 are the reference surfaces 
generated from the Lake data for the #12 data points which were taken after 
the final *030 in grinding stage, and ere thus directly comparable with the 
traces shown in the figure, together with that for the #8C data points taken 
after cryocydlng. Two sets of surfaces are shown to clarify the position 
of the reference surface In the thicker parts of the specimen as the data Is 
rather suspect for point R on the #12 trace. Comparison between the surface 
generated from the #12 laRC data points and traces 1, 2 and 3 at 
Southeo^ton Is qualitatively quite good despite the small number of points 
available in the LaRC data to define the profile of the thin end section. 

Finally, Figure 32 shows the three traces A, 5 and 6 taken In the 
transverse direction. As expected, trace 4 Is essentially linear, while 
trace 5 shows a slight dotmward deflection at the right hand end and trace 6 
reveals the familiar bowing of the thin end with* In thi.s case, the greatest 
deflection of about .002 Inches at the left. 


Determination of the True Magnitu de of the Deflections at the 
Thin Ends of the Stepped Specimens 

As noted In Section 3, the method of support use In the validation 
stages Is such that the third support point lies approximately beneath 
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luJf-L *? ®! •“PPO'ft point and thua the reference 

Metftt to elope dotfhvafds from left to right. Many &f the nesatlve 

alone*^S th‘*”2h^? the validation etagee are therefore due to thla downward 
deflectloiie frw the reference plane. Furthermore, the .ecorded 

Mtend^biMafh''Jh ^®*“ ®*®*‘ then^rojlctld to 

extend teneeth the points toeasured at the extreme stations « H* P and X« the 

obtained from the vertical distance between the 
projected line and the measurement point* For 18Ni 200 Grade fiamnlA tr 

siv's:.?i'i:5“°'" " -“S"’ 

and X, while reference to the Southampton meaeurements shown 1ft Fiaure 27 

and\00S4 incherrelplcmelj. ^ 

the*fiertha?Ihr‘«*^Jk^*‘*^*“ involved In drawing the best fit Unes, aftd 

Southampton traces were taken over 6 months after the LaftC 
readings on sai^les that had not been boxed or handled with any particular 
cate, agreement la very satisfactory. ^ icuxar 

33 of cottstructlofts Is shown In the lower part of Figure 

towple A?-TS. These give deflections of .5^4 for ^ 
position H, .0107 for P and .0092 Inches for X respeOtlvely, while the 

"«®« 3, .oSe from 

bltmAert Si i S® ^“®® «80ln, therefore, agreemeftt 

between the two sets of measurements is very good. * 

A 4 ft 4 A286 sample LS Is more difficult to handle because It Is 

S « SP«<* linear fit to the first three points on the linear * 
eSSSi-SJ uncertainty Into the position of the 

eSllS^SSiS^S ?"** ‘*‘® sample. Nevertheless, as noted 

er, qualitative agreement between the two sets of measurements Is good. 
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8* Conelusiooa 


The naift points ctist soerge from the data obtained from the epeelmens 
procured by LaRC, together with that obtained subsequently at Southampton* 
are sumsiarlsed In Table 2* Although It has been possible to crltlclee a 
number of aspects of the machining and validating procedures* a large amount 
of useful Infonsatlon has nevertheless been generated by this phase of the 
stepped specimen program. 

1. Of particular relevance is the poor dimensional stability shown by 
all the PHlS^Mo samples When cryocycled to liquid nitrogen temperature* 

This raises doubts as to the suitability of this material for use In models 
for cryogenic wind tunnels* particularly chose applications such as an 
Instrumented wing that would require a lot of fabrication* 

2. Also of significance Is the apparently poorer behaviour of the 4 

18N1 200 Grade specimens Chat were annealed prior to rough machining. If 
these results are genuine* It suggested that this type or heat-treatment 
should not be used* 

3. There do not seem to be any significant differences between the 
behaviour of specimens orientated parallel and perpendicularly to the major 
rolling axis of the plate. However* meCallographic examination suggests 
that none of the three materials tested had strongly orientated textures* so 
these results do not rule out orientation effects In the more highly 
textured materials. Although there are Indications chat there are some 
differences between center and surface specimens* the trends are not very 
strong and are contradictory inasmuch as the surface Specimens seemed to be 
more active in the 18N1 200 Grade, while the opposite trend was Indicated In 
the A286* 

4. Despite first appearances* the surface finish does not ^pear to be 
critical, as variations of leas than +50 microinches only cause errors of 
.0001 inch which Is at the lower limit for reliable measurements* 
particularly With stylus probes. 

5. It Is* however* vitally Important that the reference surface be 
established as truly flat Co within .0001 Inch If subsequent changes are to 
be followed meaningfully* 

6* It Is equally vital that the samples can be set up with their 
reference surface In a truly horizontal plane* To this end* some thought 
should be given to alternative methods of support* particularly moving the 
3rd point to beneath the thicker parts of the specimen which do not defleet 
when the thinner parts do so* In this way* changes in the shape of the 
reference . irface can be followed more easily and more accurately* 
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Recottman<!atl6Ba 


ttei* *“ '« **>• "•« 

be camS JIIJ Sb“Sai“SmcaurtoMJui 

in order to obtain a deeoar ^aaibly the new 18N1 200T 

ptesented so ttet*Jhe*^oaaiblllty^Sf comJ^T ^ to be 

analysis and PresentatK: 


Refetenc^A 

iaI Airfoil Modela 

166003. Presented at the CrvaJiff-, u*? Contractor Report No. a 

Center, Virginia, May Sch-6th 1982. * * Workshop, NASA Langley Research 

In the Systetnatic EvSStiSJ orpiSwl^JafS*^ Specimen to be used 

NASA CR-166004, August 1982? Influencing Warpage.** 
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APPENDIX 1 (a) 


April 20, 1982 
Amended May 3* 1982 

FABRICATION PROCESS FOR 18Ni 200 GRADE 
STABILITY STEP SPECIMENS 

1. Specimens LS, LC. TS, and TC to be heat-treated as follows: 

a. Annel at 1840®F - 1870°F for forty-five ( 45 ) 
minutes to one (1) hour. DO NOT exceed 1870^f. 

Air cool to room temperature. 

b. Complete annealing process by heating to 1550®F 
±20°F and hold for forty-five (45) minutes to one (1) 
hour. Air cool to room temperature. 

c. Q. C. to verify compliance of heat-treating procedure as per 
Steps la and lb. 

Control specimens CLS end CLC win not receive this heet-treetment. 

2. Rough machine all specimens to site 2.362" x 2.362" x .482" thick 

using a new flat bottom end mill. (Flood cool using Cambelene 
Blue-Cool) 

3. Mark end of specimens as Indicated on drawing. 

4. Map, measure, and record as per special Instructions. 

5. Machine the .236" and the .118" steps to +.010" to leave the .118" 

step 1.417" long using a flat bottom end mill. (Flood cool using 
Cambelane Blue-Cool) 

6. Map, measure, and record as per special instructions. 

7. All specimens to be aged at 900®F to GEB^^F for six (6) hours. 

Air cool to room temperature, q. C. to verify compliance of heat- 
treating procedure. 
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FABRICATION PROCESS FOR 18N1 200 GRADE 
STABILITY STEP SPECIMENS 
(continued) 

8. Map, measure, and record as per special Instructions. Also 
map and record hardness check. 

9. Surface grind and/or lap flat surface (bottom) to thickness 
using a maximum of .0005" down-feed per cut. Surface finish 

to be 32 micro-inches. This surface will be used as a reference 
standard. 

10. Map, measure, and record as per special Instructions. 

11. Machine the .060" step to a plus .015", .944" long, using 

a New V' diameter ball end mill. Step-over (machine feed) to 
be .050". (Flood cool using Cambelene Blue-Cool) 

12. Map, measure, and record as per special Instructions. Also 
map and record hardness check. 

13. Grind the .060" step to finish dimension, .709" long, using a 
maximum of .0005" down feed per cut. Surface finish to be 

32 micro-inches. (Flood cool using Cambelene Blue-Cool) 

14. Map, measure, and record as per special InUructlons. 

15. Grind the .030" step to finish dimension, .472" long, using a 
maximum of .0005" down feed per cut. Surface finish to be 

32 micro-inches. (Flood cool using Cambelene Blue-Cool) 

16. Map, measure, and record as per special Instructions. Also 
map and record hardness check. 

17. Thermally cycle specimens In cryostat as follows: 

a. Attach two (2) thermocouples to specimen for 
monitoring temperature. 
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FABRICATION PROCESS FOR 18N1 200 GRADE 
STABILITY STEP SPECIMENS 
(Concluded) 

b. Imnerse specimen In liquid nitrogen until 
temperature of specimen reaches -320®F. 

c. Remove specimen from cryostat and allow 
sufficient time for specimen to reach 
temperature. 

d. Thermal cycle specimen three (3) times 
repeating steps 17a, 17b* and 17c. 

18. Map, measure, and record as per special Instructions. Also 
map and record hardness check. 


S pecial Instructions - Prior to heat treatment, all surfaces 
must be finished to a 40 rms minimum. No tool marks. All Inside 
corners shall have a .030" minimum radius. 
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appendix 1 (h) 


May 10, 1982 


ciJJP9l! P^^^JCESS FOR 13-8 SS 
STABILITY STEP SPECIMENS 


1. Material confirmation. 

2. Rough machine specimens A-LS. A-LC, A-TS, and A-TC to +.050". 

3. Heat-treat all specimens as follows; 

a. Solution treat at 1700°F. +15°F. for % hour. 

b. Air cool to below 60<>F. (cold water) hold temperature 
below 60°F. one (1) hour. 

c. Age at 1400°F. for two (2) hours. 

d. Air cool to room temperature. 

e. Re-age at 11S0°F. for four (4) hours. 

f. Air cool to room temperature. 

4. Machine all specimens to size 2.362" x 2.362" x .482“ thick 

using a new flat bottom end mill. (Flood cool using Cambelene 
Blue-Cool) 

5. Mark end of specimens as Indicated on drawing. 

6. Map, measure, and record as per special Instructions. Also map 
and record hardness check. 

7. Machine the .236" and the .118" steps to +.010" to leave the 

.118 step 1.417" long using a flat bottom end mill. (Flood 
cool using Cambelene Blue-Cool) 

8. Repeat step 6. 



FA6RICATI0N PROCESS FOR 13-8 SS 
STABILITY STEP SPECIMENS 
(continued) 

9. Surface grind and/or flat surface (bottom) to thickness using 
a maximum of .0005'' down-feed per cut. Surface finish to be 32 
micro-inches. (Flood cool using Cambelene Blue-Cool) This 
surface will be used as a reference standard. 

10. Repeat step 6. Hardness check omitted. 

11. Specimen A-LSA to be thermally cycled In cryostat as follows: 

a. Attach two (2) thermocouples to specimen for 
monitoring temperature. 

b. Immerse specimen in liquid nitrogen until 
temperature reaches -320°F. 

c. Remove specimen from cryostat and allow 
sufficient time for specimen to reach room 
temperature. 

12. Repeat step 6 on specimen A-LSA - This step ommitted. 

13. Machine the .060" step to a plus .015", .944" long using a nw 
%" diameter ball end mill. Step-over (machine cross-feed) 

to be .050". (Flood cool using Cambelene Blue-Cool) 

14. Repeat step 6. 

15. Grind the .060" step to finish dimension, .709" long, using 

a maximum of .0005" down-feed per cut. Surface finish to be 32 
micro-inches. (Flood cool using Cambelene Blue-Cool) 

16. Repeat step 6. 

17. Grind the .030" step to finish dimension* .472" long* using 
a maximum of .0005" down-feed per cut. Surface finish to be 
32 micro-inches. (Flood cool using Cambelene Blue-Cool) 
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FABRICATION PROCESS FOR 13-8 SS 
STABILITY STEP SPECIMENS 
(concluded) 

18. Repeat step 6. 

19. Thermally cycle all specimens In cryostat as follows: 

a. Attach two (2) thermocouples to specimen 
monitoring temperature. 

b. Immerse specimen In liquid nitrogen 
until temperature reaches -320°F. 

c. Remove specimen from cryostat and allow 
specimen to reach room temperature. 

d. Thermal cycle specimen three (3) times, 
repeating steps 19a, 19b, and l9c. 

20. Map* measure, and record as per special instructions. 

Also map and record hardness check. 


APPENDIX Uc) 


Nay 4, 19d2 


FABRICATION PROCESS FOR A-286 STAINLESS 
STEEL STABILITY SPECINENS 

1. Rough machine all specimens to size 2.372“ x 2.372“ x .482“ thick 
using a new flat bottom end mill (Flood cool using Cambelene Blue- 
Cool ) . 

2. Grind all specimens to size 2.362“ x 2.362“ x .472“ thick using 
a maximum of .0005“ down- feed per cut. Surface finish to be 32 
micro-inches. 

3. Mark end of specimens as Indicated on drawing. 

4. Map, measure, and record as per special Instructions. 

5. Machine the .236“ and the .118" steps to +.010" to leave the .118 
step 1.417" long using a new %" diameter ball end mill. (Flood 
cool using Cambelene Blue-Cool). 

6. Repeat step 4. 

7. Machine the .060" step to a plus .015", .944" long, using a new 
%" diameter ball end mill. Step-over (machine feed) to be .050" 
(Flood cool using Cambelene Blue-Cool). 

8. Repeat step 4; cryo cycle (NASA); repeat »tep 4. 

9. Grind the .060“ step to finish dimension, .709“ long, using a maxi- 
mum of .0005" down-feed per cut. Surfa.e finish to be 32 micro- 
inches. (Flood cool using Cambelene Blue-Cool). 

10. Repeat step 4. 

11. Grind the .030" step to finish dimension, .472“ long, using a 
maximum of .0005“ down-feed per cut. Surface finish to be 32 
micro-inches. (Flood cool using Cambelene Blue Cool). 
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FABRICATION PROCESS FOR A-286 STAINLESS 
STEEL STABILITY SPECIMENS 
(concluded) 


12. Repeat step 4. 

SPECIAL INSTRUCTIONS: All Inside corners shall have a .030" minimum 
radius. Cutwell 40 oil may be used If needed to produce a better 
finish. Mark each specimen with material Identification A-286. 
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T.W. !. S»-.r, R..„u. fro. stoppod 8poo,..„. prooorod p, u,c 


Charactarlitlc 


«) Cryogenic 
scabillty 

b) Flatness of 

ref .surface 

c) Surface finish 

of tef. surface 


d) Set up for 
verification, 
out of true of 
line AIQ 

e) Fabrication 
and heat- 
treatment 
sequence 


f) Sensitivity to 
rough machining 


Good. 

CLC and CL8 - good. 
LS,LC,TC,T8 - bad. 

Variable, e.g. u, 

TC show fine grinding 
narke, while TS and 
CL8 also show coarser 
pitch. Talysurf show 
•PPtox. SOPln finish. 

CLC and CLS good 
LS,LC,TS and TC very 
poor especially at 
#10, #12 and #14, 
vary by ±.001 in. 

Pre-machlning 2 stage 
anneal NOT beneficial 
All samples show good 
dimensional stability 
after 925P aging 
treatment. 


Excellent. 
All good. 


Coarse grinding 
narks on TS and 
burn marks on 
thinnest section. 
Talysurf traces 
show wavlness with 
anplltude >±50 win. 


PH13-8MO 


Poor. 


All bad, ^LSA, 
A-CLS,A“TC worst 

Medium pitch 
grinding marks 
visible on all 
specltkens but 
Talysurf trace 
suggests approx 
30 win finish. 


All reasonable to Generally poor* 

, With som; Joints 

variations less very bad. up to 

than .0005 in. .002 in off iSe. 


Not applicable. No apparently 
significant 
differences 
between samples 
heat-treated 
before or after 
rough nachinlng. 

Deflections over Most specimens 

TS and TC by tensile stresses 

milling coarse in A-LC, small 
compressive 
in A-LS. 

2“?; is-Ts-r 


8) Magnitude of 
deflection 
change from 
.060 mill to 
•030 grind. 


CLC, CLS, LC and TC, 
almost unaffected. 

LS and TS show mild 
compressive stresses. 


Average of .003 to 
.005 in. 

No strong trends. 


^ betwiirsitface dIfli«lMe^^S^tep Marginally more 

billing of surface ^ hv deflection from 


and Center, 
Longitudinal 
and Transverse 


milling of Surface 
■paclmens LS and TS 
than Center. 


by Center 
specimens than 
Surface. 


Surface than 
Center 


ta^ -i -717 ourtace. 

b.tw. . Un,ltudln.l 
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SPECIMEN CONFIGURATION 
STAMP ENDS AS SHOWN 



NOTES: 

1. Specimens LS, LC, TS, & TC to be annealed before rough machining. Tempered 
after rough machining. 

2. CIS & CLC are to be tempered after rough machining. 

3. All specimens are to be measured after rough machining before and after each 
heat treatment. 


ROLL DIRECTION 



FIGURE 1. STEPPED DIMENSIONAL STABILITY SPECIMENS 
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FIGURE 2» VARIATIONS IN MACHINING METHOD USED FOR STEPPED SPECIMENS 



























ORIGINAL I'-i 

OF POOR QUALn*Y 







FI6URE 5. HATERIAt 18Ni 200 GRADE SPECIMEM CLC (CORTROL, L0R6ITUDINAL, CENTER) 











FIGURE 8. HATERiaL 18Mi 200 6RADE SPECIMEN TS (TRANSVERSE, SURFACE) 







FIGURE 9. HATERIAL 18Ul 200 GRADE SPECIMEN TC (TRANSVERk, CEMTER> 



URE 10 NATFRIAL PH 13-8 HO SPECINEK A-LSA (LQN6ITU0IHAL> SURFACE ADDITIONAL) 









FieURE 11. MATERIAL PH IJ-g m SPECIHEM A-CLS (CONTROL, LONGITUDINAL, SURFACE) 











FIGURE 13. MATtUIAL PH 13-8 NO SPECINEH A-LS (LONGITUOINAU SURFACE) 




FIGURE 15* HATERIAL PH 13-8 NO SPECIHEN A-TS (TRANSVERSE^ SURFACE) 








FIGURE 16. BATERIAL PH 13-8 HO SPECIHEN A-TC (TRANSVERSE, CENTER) 




FIGURE 1/. ttATERIAl A286 SS SPECINEK LS (LON&ITUIUNAL« SUAFACE) 




FI6URE 18. HATERIAL A286 SS SPECINEH LC (LONfilTUlHMAL. CEttTER) 











FIGURE 20- MATERIAL A2R6 SO SPECIMEN TC (TRANSVERSE^ CENTER) 
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FIGURE 25. MATERIAL 18Ri 200 GRADE SPECIMEN SOTON 1 
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FIGURE 27. MATERIAL 18Ri 200 GRADE SPECIMEN LC (LONGITUDINAL, CENTER) 




FIGURE 28. WATERIAL 18Ri 200 GRADE SPECIMEN LC (LONGITUDINAL, CENTER) 


36FLecTlOl4 
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FIGURE 29. MATERIAL PH 13>8 NO SPECIMEN A-TS (TRANSVERSE, SURFACE) 




FIGURE 30. MATERIAL PH 13-8 HO SPECIHEM A-TS (TRANSVERSE, SURFACE) 
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FIGURE 31. MATERIAL A286 SS SPECIMEN LS (LONGITUDINAL, SURFACE) 
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